An approach is proposed to numerically study the composite laminates stitched around a circular hole. First, the local structure of stitching region is simplified and the finite element analysis is carried out. Then, the overall elastic constants of the equivalent yarns are obtained by comparing the numerical and experimental results. With this approach, the strain distributions are calculated, and the effects of stitching parameters such as edge distance, stitching needle span, row spacing, and the material and diameter of yarn are discussed on the strain concentration factors. It is indicated that the approach is valid for the existing experimental data, and can be applied to more cases of stitching enforcement.
Introduction
Advanced composite panels with holes are widely used in aerospace structural components. In such structures, stress concentration around a hole normally causes failures. However, on one hand, the internal damage induced by stress concentration can not be found at the early stage of loading and may propagate as the load increases. On the other hand, the type and extent of the damage, which significantly affect strength, service life, and performance of composite structures, need to be determined as well.
In order to solve the stress concentration around a hole, a number of reinforcing or repairing measurements near holes have been taken and studied in recent years. Eiblmeier and Loughlan 1 investigated the influence of cut-out sizes and reinforcement rings on the buckling stability of carbon fiber reinforced polymer (CFRP) panels. Practical tests were also conducted to validate their numerical results. Mahdi et al. 2, 3 published the experimental characterization and the finite element (FE) modeling of I-section which was damaged due to a through hole under compression load and repaired by reinforcing the panel. A pristine panel was compared with the damaged panel, as well as with the repaired panels. It was indicated that the significant decrease in strength caused by the damage was almost fully recovered after the repair was adopted.
Gliesche et al. 4, 5 developed the Tailored Fiber Placement Technology (TFPT), which can be applied to manufacturing a stress-field aligned local reinforcement on an 'open-hole' tensile plate. The TFPT allows to alleviating the stress concentration in a notched composite. Using finite element analysis (FEA) the stresses in the open-hole plate were calculated under unidirectional tensile loading. In addition, by the optical deformation measurement method, the strain distributions were investigated for different loading conditions. Luo and Kou 6 investigated the effect of asymmetric submerged reinforcement on strain, stress concentration, damage, and ultimate strength of graphite epoxy composite laminates containing a hole. Compared with the asymmetric separate reinforcement, the submerged reinforcing results were excellent.
Yang et al. 7 proposed an iteration method in designing a fiber pre-formed hole structure of a single ply. According to this design, the load-carrying capacity greatly improved. Through the compressive experiments and the FEA, Jiang and Yue 8 studied two types of reinforced thick composite laminates with an open-hole. One type was the one reinforced by adding a folded ply around the hole, and the other was the use of a solidified frame. A user material was defined in the FEA software (i.e., ABAQUS) and the damage initiation and evolution were predicted. By studying three types of holes including braided hole, compressed hole, and drilled hole, Li 9 obtained local properties near the braided hole edge. The results may guide the design and manufacture of the 3D braided composite structures with holes.
The stitching reinforcement for composite structural components with holes is a newly developed technique. When reinforced by stitching at the hole edge, the fraction of fibers increases in thickness, and the loads can be effectively transferred in the local-reinforced interlaminates, which result in an apparent improvement of load-carrying capacity.
In this article, the FEA is carried out, as compared with the experimental results, for the composite laminates stitched around a circular hole. In later section, a model is proposed to simplify the stitching yarn, and the overall constants are obtained via the FEA. These constants are applied to other cases with the corresponding experimental results, and the effects of the stitching parameters such as edge distance, stitching needle span, row spacing, and material and diameter of yarn on the strain concentration factors are numerically studied in the next section. The concluding remarks are made finally in the end.
Simplification of the stitching yarn The model description
In this section, we shall introduce a model to simplify the stitching yarn for reinforcing the composite laminate around a hole. For convenience of description, a practical example of the composite laminate containing a circular hole is considered. The dimensions of the laminate are 300 mm in length, 200 mm in width, and 3 mm in thickness, respectively. The hole is at the center of laminate with a diameter of 60 mm.
Each lamina of the laminate is made of T300/QY8911 with E 1 ¼ 135.4 GPa, E 2 ¼ 9.8 GPa, G 12 ¼ 4.9 GPa, and 12 ¼ 0.289. The lay-up is [45/À45/0/90/0/0/90/ À45/45] 2S . In the laminate, there are several holes of 0.54 mm in diameter through which the stitching yarns penetrate. The yarns are made of the Kevlar-49 (1600 Denier) and stitched by using the improved lockstitch. 10 In order not to involve superfluous details of stitching region, the stitching yarns are simplified to be a number of bars (see the first row of the Table 1 for numbers) in thickness with overall material constants to be determined.
Five groups of specimens are analyzed, whose specifications such as edge distance, stitching needle span, and row spacing are listed in the latter three rows of Table 1 and the sketch of the stitching region is shown in Figure 1 . The FEA mesh includes eight-noded hexahedron 3D elements and two-noded bar element (with six degrees of freedom). These elements are linked by the common nodes which follow the compatibility. In addition, as shown in Figure 2 , the mesh is refined at the edge of hole and near the stitching region to achieve satisfactory results.
Determination of the overall constants of the equivalent yarn
The overall constants of the equivalent yarn or the bar element are determined by comparing the numerical and experimental results. The detailed procedures are:
Step 1: Initiate overall constants of the bar element.
Step 2: With these constants, perform FEA for some cases of stitching reinforcements, and collect related results.
Step 3: Compare the numerical results with the experimental ones. Calculate the error between them by: If Err is less than eps, a given tolerance, then go to Step 5.
Step 4: Fine-tune the current value of overall constants, and then go to Step 2.
Step 5: Write down the current constants as the overall value of the equivalent yarn.
In our example, the initial overall constants are estimated in terms of the rule of mixture. 11 Corresponding to experimental data, 12 cases of single stitching 2 and double stitching 1 subjected to the extensile load along the 90 direction are considered through the FEA, and the load-strain curves at the 0 point around the hole edge are compared in determining the overall constants of the equivalent yarn, as shown in Figures 3 and 4 . Giving eps ¼ 11.5% and following the above mentioned procedures, the overall constants of the equivalent yarn are determined to be:
in which E 1 and E 2 are respectively the longitudinal and lateral moduli, and G 12 and 12 are respectively the shear modulus and Poisson's ratio. The strain concentration factor K " is defined as the ratio of the maximum strain " max at the hole edge to that at infinity, say " 1 :
which will be used in the sequel. Together with Figures 3 and 4 , Figures 5 and 6 are the comparison of the resulting K " .
Effects of stitching parameters on the strain around the hole and K "
Using the approach in the previous 2, the FEA for the composite laminates stitched around the hole is greatly facilitated. With the overall constants of the equivalent yarn, effects of the stitching parameters such as edge distance, stitching needle span, row spacing, and the material and diameter of yarn on the strain concentration factors and the strain distribution at the hole edge are numerically studied in this section.
Effect of the edge distance
We first consider the effect of the edge distance. As indicated in Table 1 and Figure 1 , the groups of single stitching 1 and 2 have different edge distances. The hoop strains " with load at 0 point and 90 point around the hole are shown in Figures 7 and 8 .
In contrast to the single stitching 1, there is a larger edge distance for the single stitching 2. It is seen from Figures 7 and 8 that the larger edge distance of the stitching yarn results in the less effect on the strain around the hole, and vice versa. As compared with the single stitching 1, the single stitching 3 has a larger needle span, and thus a less density of the stitching yarn. It is seen that the effect is reduced on the strain around the hole when the density becomes smaller. This may be explained as follows.
Effect of the needle span
When stitching reinforcement at the hole edge, the stitching yarns form a fiber bridge joining region in front of the delaminating cracks, which brings about a closing force among individual layers at the hole edge, and probably relaxes the strain concentration at the local regions. On the other hand, the fracture and the damage of the fibers in the laminates, being attributable to the stitching yarns penetrating through the laminates in the direction of thickness, can result in a decline in laminate properties. The two results superimpose together in effect. For the larger needle span (namely, the lower density of stitching yarns), the closing force of stitching yarns in front of the delaminating cracks at the hole edge dominates the laminate properties. Under this circumstance, the stitching reinforcement is beneficial when increasing the needle span. If the needle span goes beyond a critical value, the fracture and the damage of the fibers in the laminates will dominate the laminate properties. At this moment, laminate properties are deteriorated if the needle span increases any more. So, there is an optimum needle span for stitching reinforcement at the hole edge. It is seen that " at the hole edge are evidently different for both double stitching and single stitching. Attention must be paid to the re-distribution of stress in laminates due to the stress and strain concentration newly generated by the closing of the stitching yarns induced by the stitching reinforcement at the hole edge. This alters the material stiffness at the local regions in the laminate to a certain extent, and has a local strengthening effect. And, compared with the single stitching, the alteration is more prominent for the double stitching. Besides, we see that the variation of " at 90 point is opposite to 0 point around the hole. This may be attributed to the mechanism of compression deformation at 90 point around the hole, where the material bore shrinks freely. Figure 13 describes the effect of the modulus of stitching yarns, in which the abscissa indicates the specific value of the modulus of the stitching yarn and the laminate, and the ordinate indicates K " at 0 point around the hole. It can be seen that K " decreases with the modulus of stitching yarns to some extent. It inspires us to use the stitching yarns with higher modulus which may reduce K " . increases when the radius of stitching yarns becomes greater than 0.3 mm. The variation of K " for the double stitching 2 is similar to the single stitching. However, the results for the double stitching 1 puzzle us. K " drops at the beginning, and then increases gradually with the radius of stitching yarns. When the radius is greater than 0.3 mm, K " drops again. The mechanism for the above effects is summarized as follows:
Comparison between single and double stitching

Effect of the modulus of stitching yarns
Effect of the radius of stitching yarns
When increasing the radius of stitching yarns, the interfaces with the parent material are expanded, and the contributions of the stitching yarns are somewhat increased towards the whole bearing capacity due to the effect of the Poisson's ratio at the local regions, which make the delamination hold back and simultaneously K " drops at the hole edge.
When the radius exceeds 0.3 mm, the variation of K " increasing may be explained by the mingling effect due to the closing force in front of the delaminating cracks and the fracture and damage of the fibers in laminates when the stitching yarns penetrate through the laminates in the direction of thickness.
So, there is a critical radius of stitching yarns for the different stitching parameters. Provided the radius is smaller than the critical value, the reinforcement of the delaminating cracks and the drop of the strain concentration around the hole edge, in the technological process of stitching reinforcement, can be achieved.
Conclusions
In the current work, a new calculating model of stitching yarn is proposed, and by comparing the FEA with the experiments, the relevant parameters of the yarns are determined. Following conclusions can be drawn:
1. Stitching parameters such as stitching needle span, row spacing, and edge distance have distinct effects on the strain distribution and concentration around the hole. The effect of the reinforcement can be enhanced by properly reducing the edge distance or needle span when stitching at the hole edge, and K " at the hole edge for the single stitching is smaller than that for the double stitching. 2. Reinforced by stitching, there exists a local strengthening effect, which implies that the maximum strain at the hole edge becomes higher. This is a special case in the technological process of stitching reinforcement. 3. The strain concentration factor K " decreases with the modulus of stitching yarns to some extent, so K " will reduce if the stitching yarns with higher modulus are used. 4. Increasing the diameter of stitching yarns has a decreasing effect on K " . There is an optimum radius of stitching yarns for the different stitching parameters.
